Introduction
Depressive disorders are a major health concern, an important cause of suicide and, because they affect more than 120 million people worldwide, they are expected to be the second leading cause of disability in 2020 (1) . According to DSM-IV criteria, major depressive disorder is characterised by a depressed mood, a loss of interest or pleasure and low self-esteem. Other symptoms include: disturbed sleep or appetite, persistent feelings of sadness and irritability, poor concentration, low energy levels and suicidal thoughts (2). The severity and duration of these symptoms can vary strongly among patients. Depression not only severely affects the quality of life of an individual, but also has major repercussions on his ⁄ her family and social and work environment.
Several epidemiological studies have established the incidence of depression in women to outnumber men by a 2 : 1 ratio (2-4). Part of this pronounced sex difference may be contributed for by differences in help-seeking behaviour and symptom reporting between men and women, with women being more likely to seek treatment for psychological problems earlier (3), whereas men are more prone to cope with sadness or depressive symptoms through, for example, increased alcohol or drug abuse (3) . Although this effect may be considerable, it is unlikely to fully explain the sex difference in the incidence of depression because this difference is not only observed in clinical studies, but also in nonclinical populations (5, 6) .
Remarkably, the sex difference in the incidence of depression already emerges during early adolescence. Preadolescent boys and girls have a similar risk to develop depression, whereas, during adolescence, the incidence of depression strongly increases in girls and stays the same in boys (2, 7, 8) . Throughout adulthood, women have a 50% higher chance of experiencing an episode of depression than men (4) . To date, the aetiology of this sex difference is poorly understood and it remains to be elucidated why it emerges during the adolescent period. In addition to providing a general overview of the main neuroendocrinological changes during depression, we will discuss putative neurobiological explanations for the emergence, during (early) adolescence, of sex differences in the incidence of depression. Although cultural, social and psychological factors are very important in the aetiology of depression, the main focus of this review is on the underlying biological factors.
Depression in adolescents
The prevalence of depression in adolescents is approximately 4-8%. The consequences of adolescent depression vary from failure in society and social isolation to substance abuse and suicidal behaviour (9) . As many as one-third of adolescents who suffer from depression attempt suicide (10) and some studies even report higher rates (9) . Approximately 4-10% of depressed adolescents actually die as a result of suicide, which makes depression a major cause of death among adolescents (1, 10) .
In general, the symptoms of adolescent depression are comparable to those of adult depression, although irritability rather than sadness appears to be more prominent in adolescents. However, depression in adults often shows a high comorbidity with substance abuse and sociopathy, whereas adolescent depression occurs more often in combination with other psychopathologies such as anxiety, conduct problems and learning disabilities (2, 10). In both adult and adolescent depression, recurrence rates are high. Furthermore, adolescents suffering from depression have a 40% chance of experiencing a recurrent episode later in life (10) . When adolescent depression is left untreated, it can persist into adulthood and significantly increase the risk of developing other psychopathologies (11). However, it is important to note that the use of pharmacological antidepressants, such as selective serotonine reuptake inhibitors in adolescents has become surrounded by controversy, especially because the use of these drugs in adolescents has been associated with suicidality (suicidal thoughts, ideation or actions) during the first weeks of treatment (12) .
Up until 20 years ago, evidence-based treatments for adolescents were practically unknown; nevertheless, antidepressants drugs developed for adults were administered to adolescents, even though their use may possibly interfere with brain maturation. For example, mice and rats that were treated with fluoxetine during the postnatal period (from postnatal days 4-21) showed increased anxietyand depression-related behaviour when tested drug-free in adulthood. However, similar effects did not occur as a result of fluoxetine-treatment during adolescence (13) . In a study conducted by Norcross et al. [14] , two different mouse strains were treated with clinically relevant doses of fluoxetine during the mouse 'adolescence' period (between 3 and 7 weeks of age). When tested drugfree in adulthood, these mice did not express any behavioural abnormalities and displayed normal fear-, anxiety-and stressrelated phenotypes (14) . Regrettably, sex was not taken into account in these studies. By contrast, Hodes et al. (15) revealed that fluoxetine treatment in rats around puberty (between weeks 4 and 6 of age) did not affect cell proliferation in either males or females. However, increased hippocampal cell proliferation was observed in adult males as a result of fluoxetine treatment, whereas such effects did not occur in female rats at any age or stage of the oestrous cycle (16) . It still remains to be determined, however, whether such sex differences in treatment responses are also present in humans.
The factors that contribute to the sex difference in treatment responses and incidence rate probably also contribute to the sex difference in depressive symptomatology. Although the personal experience of depression may appear largely similar for adolescent girls and boys, clear sex differences in depressive symptoms have been reported (17) , with girls experiencing more guilt and bodily dissatisfaction, self-disappointment, feelings of failure and concentration problems than boys, whereas anhedonia, morning depressed mood and morning fatigue are more frequent in boys (17) . Adolescent girls also have a higher risk for recurrent periods than boys (3).
Adolescence: a period of sexual differentiation Biological sex differences exist at the level of gene expression, hormone levels, anatomy and behaviour, with some of them already being present during early development. Sexual differentiation is determined as the process during which sex differences develop and diverge into male or female specific phenotypes (8) and starts with early sex determination. Adolescence is an important developmental period, during which both sexes undergo major physical, social and cognitive transformations (8, 18) , and during which the divergence between the sexes becomes more prominent. Sexual differentiation is obvious with respect not only to well-known physical characteristics and behaviour, but also to the risk of developing psychopathology, and various psychiatric conditions including eating disorders, obsessive compulsive disorders, schizophrenia and depression all show clear sex differences in incidence rate. Notably, they have in common that their first manifestation often occurs during adolescence (19) .
The neuroendocrine system plays a crucial role in the initiation and completion of these physical ⁄ biological alterations and psychosocial changes. The maturation of the hypothalamic-pituitary-adrenal axis (HPA) during early adolescence induces adrenarche (i.e. an increased production and secretion of adrenal steroids). This process precedes the rise in gonadotrophin-releasing hormone and results in increased release of the gonadotrophins luteinising hormone and follicle-stimulating hormone from the pituitary. In turn, these gonadotrophins stimulate the production of sex steroids by the gonads, causing a sharp increase in oestrogen levels in females and testosterone levels in males (20) . The increased level of circulating steroids induces physical changes such as the rapid increase in growth induced by growth hormone levels and the development of secondary sex characteristics upon hypothalamic-pituitary-gonadal axis activity.
Sexual differentiation of the brain
In addition to the above mentioned obvious bodily changes, pubertal maturation also includes sex-specific changes in the neuronal systems that mediate cognition, emotion and motivation (21) . Such neurobehavioural changes have been associated with increased risk-taking, sensation-seeking and reckless behaviour in adolescents (18) . Little is known about the neuroanatomical changes that underlie these behavioural alterations, although the brain undergoes distinct morphological alterations during adolescence, including a linear increase in global white matter volume and an inverted Ushape type of development of region-specific grey matter volumes, in frontal, parietal and temporal brain areas (19, 22) . These neurodevelopmental processes differ between adolescent boys and girls, with girls reaching peak grey matter volumes 1-2 years earlier than boys (21) , parallel to the earlier onset of puberty in girls. Total brain size peaks also earlier in girls (at age 11.5 years) than in boys (at age 14.5 years) (21) . On average, boys have a 9% larger brain size than girls. However, this sexual dimorphism in total cerebral volume is not specific to puberty because it can already be observed in neonatal boys and girls and is consistently found in in vivo imaging studies in both children and adults (8, 22) .
Sexual differences in the size of brain structures in adolescents have further been found in a voxel-based morphometry study; several brain regions were found to be larger in boys than in girls: the amygdala, putamen, thalamus, insula, rostral anterior cingulate and superior temporal gyrus, whereas the hippocampus, caudate nucleus, caudal anterior cingulated, middle temporal gyrus and inferior occipital gyrus are larger in girls (22) . Studies in human adolescents have further indicated that amygdala volume increases significantly with age in men, whereas hippocampal volume increases significantly with age in women (21) . The role of sex steroids in the development of these sex differences in volume during adolescence has received little attention in humans (19, 23) . By contrast, numerous studies using animal models have shown that volumetric sex differences in the brain are established in response to changes in steroid hormone levels during development (24, 25) . In rats, for example, neonatal exposure to testosterone and ⁄ or oestradiol affects the rate of apoptosis in certain brain nuclei and results in a greater volume of the bed nucleus of the stria terminalis (BNST) and a smaller volume of the anteroventral periventricular nucleus in males compared to female (26, 27) . Also in humans, the role of sex steroid exposure during development appears to be prominent. For instance, a female-sized BNST, which is 44% smaller in women than in men, does not appear to be established by exposure to sex steroids in adulthood but by sex steroid exposure during development (28) . Thus, these studies, in addition to many others, have provided strong support for the organisational-activational hypothesis that was originally proposed in 1959 by Phoenix et al. (29) . This hypothesis states that sex steroid exposure during prenatal and early postnatal development sexually differentiates the neuronal circuits (organisation), that become activated in adulthood by sex steroids, resulting in sextypical behaviours (30) . Ever since the formulation of the organisational-activational hypothesis, the debate is still open regarding the hormone-driven sexual differentiation of the brain during various stages of development.
It is well-known that testosterone plays a crucial role in the sexual differentiation of the brain during critical periods of late prenatal and early neonatal development. The removal of testosterone in male rodents and nonhuman primates in neonatal development (via castration or the administration of anti-androgens) induces femaletypical behaviour, whereas testosterone administration to female animals within 24 h after birth generates male-typical behaviour (31) . Testosterone has thus a masculinising and defeminising effect on the male brain, whereas the absence of testosterone induces feminisation of the female brain. In addition, ovarian steroids are assumed to play a role in feminisation (32) . Removal of the ovaries in neonatal or prepubertal rats changes food-guarding behaviours, in typical 'male-like' behaviour, whereas adult ovariectomy has no effect. Treatment with oestradiol during puberty could prevent effects of prepubertal ovariectomy on the masculinisation of food guarding behaviour (30) , suggesting that ovarian hormones play an important role in the feminisation of brain and behaviour during development.
The original view was that sex steroids have organisational effects during the perinatal period and activational effects in adulthood (29) . However, new insights suggest that the organisational effects of sex steroids are not limited to a single critical sensitive period in perinatal development. They can also occur during adolescence (8, 30) when sex steroid exposure can modify the brain in a sex-specific manner ( Fig. 1.) as shown in animal studies. In rats, for example, at least three sexual dimorphic brain regions have been identified: the anteroventral periventricular area (larger in females), the sexually dimorphic nucleus of the preoptic area and the medial amygdala (both larger in males) (33) . A study by Ahmed et al. (34) showed that gonadal steroids maintained and accentuated these sexual dimorphic brain regions during adolescence. Male and female rats that were gonadectomised before puberty and subsequently injected with the cell-birth marker BrdU on three consecutive days during early puberty, showed lower numbers of BrdU-labelled cells 20 days later in all three sexually dimorphic brain areas, thereby eliminating the sex differences (34) . Furthermore, Syrian hamsters that were castrated after the perinatal period of sexual differentiation, but before the onset of puberty, showed reduced male-typical social behaviour in adulthood compared to males castrated after puberty, although both groups received testosterone replacement in adulthood (35) .
These studies have shown that, in contrast to the general view that sexual differentiation of the brain would take place before birth (in humans), or extend into the first postnatal week (rodents), the brain can also respond to gonadal hormones in a sex-specific manner later in development, during periods when a certain level of plasticity is still present (36) . The question of whether sex steroid exposure during adolescence has solely activational effects or both organisational and activational effects as well, remains the subject of debate. However, studies in both primates (37) and rodents (36) indicate that completion of the sexual differentiation of the brain may require pubertal maturation. This suggests that puberty might be an additional organisational period in brain development.
Sex steroids are involved in several fundamental neuronal processes related to remodelling of the brain during adolescence, such as axonal sprouting and dendritic elaboration (important for the formation of new connections) and apoptosis and synaptic pruning (important for the removal of redundant neuronal tissue) (19, 34, 38) . Cell migration can be induced in vitro by administration of oestradiol, whereas administration of dihydrotestosterone fails to affect cell motility (38) . Animal studies have further revealed sex differences in the effects of sex steroids on neuronal overproduction and synaptic pruning. Testosterone supports synaptic pruning in the male amygdala (39), whereas oestrogen suppresses neuronal overproduction in the rat prefrontal cortex (39, 40) .
Taken together, these findings suggest a crucial role of sex steroids also in the control of neuronal formation, neuronal and synaptic selection, and hence in brain remodelling, during rodent adolescence. So far, in only a few studies, similar effects of sex steroids on brain structure have been found in boys and girls during puberty. Peper et al. (22) have shown higher oestradiol levels in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 adolescent girls to be linked to a smaller global grey matter volume, whereas higher levels of testosterone in boys corresponded with a larger grey matter volume. Furthermore, increases in cerebral white matter volume that occur during adolescence are associated with elevated levels of luteinising hormone (22) . However, the precise relationship between sex steroid levels and sex differences in brain structure in human adolescents remains poorly understood.
Insight into the biological characteristics that appear during adolescence and that distinguish the male from the female brain will provide a better understanding of the sex-specific expression of psychopathologies and its aetiology. To better understand the emergence of sex differences in depression, we should consider risk factors involved in the aetiology of this disorder, including stress exposure and alterations in sex steroid levels, which are discussed below.
Biological basis of depression
Depression is a multifactorial psychiatric disorder and its risk is determined by a complex interplay of social, environmental and biological factors, including genetics, stressful experiences and hormonal actions on the brain. Although extensive research has generated a variety of theories on the biological basis of depression, the precise biological mechanisms underlying depression remain unknown. Part of the difficulty (as with so many psychiatric disorders that result from gene-environmental interactions) is the lack of an obvious neuronal or biochemical substrate and ⁄ or good animal models for the clinical condition. In 1965, Schildkraut (41) proposed the monoamine hypothesis, a biochemical theory that states that depression is caused by a functional deficit in monoamine transmitter regulation, which causes a disturbed noradrenalin and serotonin transmission that would induce depressive symptoms. Indeed, evidence exists to show that similar transmitter deficits are also involved in adolescent depression (42) . A study by Hughes et al. (43) revealed that children and adolescents (between the ages of 7-17 years) suffering from depression had the lowest blood levels of 5-serotonin compared to age-matched controls and agematched patients with other behavioural disorders. In addition, the effectiveness of several drugs affecting brain monoaminergic transmission in alleviating symptoms of depression in adolescents is in line with this theory (10) .
However, this general theory fails to explain why the clinical response to antidepressant drugs takes several weeks to develop in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 most patients, whereas the plasma levels of these drugs are elevated within hours following administration. Currently, therapeutic effectiveness of antidepressant drugs are no longer considered to solely result from rapid biochemical effects on neurotransmission but are assumed to involve slower structural adaptation in the brain, and part of the therapeutic effects could, for example, be mediated by drug-induced changes in dendritogenesis and ⁄ or neurogenesis (44) (45) (46) . Novel theories on the biological basis of depression suggest that disturbances in neuronal or structural plasticity form a crucial component of depression, as well as of the mechanisms underlying antidepressant drug action (44, 45) . The structural plasticity hypothesis states that structural networks involved in mood regulation are disturbed in depression (44) .
Hippocampal plasticity
The hippocampus, together with the amygdala and prefrontal cortex, is an important brain structure in the aetiology of depression. This brain region is crucially involved in spatial and emotional learning and memory. It is also important in the regulation of the HPA axis, which plays a key role in controlling the neuroendocriene feedback of stress hormones. (47) . In almost one-half of all depressed patients, the HPA axis is hyperactive (48) as is clear from elevated plasma cortisol levels, increased corticotrophin-releasing hormone (CRH) and vasopressin expression in the hypothalamus and increased rates of dexamethason nonsuppressors among depressed patients (48, 49) . Notably, hippocampal anatomy is sexually dimorphic and represents a sensitive target for sex steroids because it is richly endowed with oestrogen and other steroid receptors (9, 22, 44) . Despite this sensitivity and the strong HPA activation in a majority of patients, not many severe pathological changes are found in the hippocampus in depression (49-51), except for some alterations in structural plasticity (52, 53) . Nevertheless, hippocampal volume reductions (10-15%) are commonly found in depressive patients (54) (55) (56) (57) (58) . It has been proposed that this reduction of hippocampal volume may result from alterations in neuronal plasticity induced by early life stress (45, 47, 59) , possibly in a sex-dependent manner (60-62). As possible explanations for the hippocampal volume reduction, stress-induced changes in hippocampal neurogenesis (63), cytogenesis, apoptosis or changes in glial cell numbers have been suggested to be implicated, whereas also changes in water metabolism or transport can be involved (45) .
Chen et al. (59) recently reported reductions in hippocampal volume in healthy adolescent girls (between age 9 and 15 years) who are at high familial risk for depression compared to low-risk girls. Because none of the participants experienced an episode of depression, the study indicates that reductions in hippocampal volume may precede the onset of depression and may thus more likely represent a risk factor to develop depression rather than a consequence of the disorder, which also may be sex-dependent. Depression may develop not until stress is experienced. In rodents, exposure to early life stress was found to affect hippocampal structure in adulthood, resulting in lower hippocampal neurone and glia numbers (64, 65) and reductions in mossy fibre density (66) and cell proliferation (67, 68) . Interestingly, although some of these changes were transient, a sex difference was prominent in many studies (60, 69) .
In humans, reductions in hippocampal volume particularly occur in women who were exposed to early childhood trauma (62) . This underlines the potential importance of early life stress exposure, at least in women, for vulnerability to develop depression. Prenatal stress was further shown to reduce dentate granular cell number only in female offspring (70) , whereas various other sex-related behavioural and structural differences have been reported (71) , such as in various stress and HPA axis parameters (72) (73) (74) (75) . These findings indicate that early life stress (possibly via changes in hippocampus structure and function) forms a risk factor for the development of stress-related disorders in adult individuals (76) (77) (78) and particularly in women.
Putative explanations for the emergence of sex differences in adolescent depression
Although the aetiology of depression remains to be elucidated, current knowledge provides at least some biological explanations for the emergence of sex differences in depression during adolescence.
Psychosocial theories
Although the main focus of this review is on biological factors, one should not underestimate the importance of cultural, social and psychological factors in the aetiology of depression. Psychosocial explanations for the higher rates of depression in women include sex differences in stress coping, mother-child relationships and gender-specific expectations (3, 79) . Another psychosocial explanation is based on the idea that women have, for social and cultural reasons, more problems in accepting the physical changes that occur during puberty than men (3, 79) . It has also been suggested that adolescent girls have a predisposition to develop depression because of differences in social cognitive function such as rejection sensitivity (8) .
These psychosocial variables may contribute to the higher depression rates in women, although validating these theories is difficult because a proper interpretation of the influence of psychosocial factors requires evidence that such a factor indeed accounts for a substantial portion of the observed sex differences in depression. It would be challenging to investigate how sex differences in social behaviour relate to sex differences in brain development, and very little is known about this. A better understanding of the neurodevelopmental processes underlying these behavioural sex differences may provide a key to understand the pronounced differences in the incidence of depression, and other psychopathologies during adolescence.
Stress exposure
Severe stressors such as harmful childhood experiences, including sexual abuse and sexual harassment, form predisposing factors for the development of depression and have been associated with reductions in hippocampal volumes (59) . Sexual abuse has been associated with the emergence of sex differences in the susceptibility to depression because it is more frequent in girls and female adolescents than in boys and the overall rates of sexual abuse increase significantly for girls between the age of 10 and 14 years.
Another important factor in stress effects is the differential maturation of the HPA axis during adolescence. Various factors play a role in stress sensitivity but whether stress exposure has adaptive or maladaptive consequences is likely to depend on gender, the amount of stress and the developmental stage during which the stress is experienced (80) . For example, neonatal rats show a lower HPA response to stress during postnatal day 3-14, a period referred to as the stress-hyporesponsive period (81) . Adolescent development has also been associated with marked changes in stress sensitivity (80) . Limbic and forebrain regions involved in CRH-mediated HPA axis regulation and stress responsiveness, such as the prefrontal cortex, amygdala and hippocampus, continue to mature during adolescence (7) . Basal levels of adrenocorticotrophic hormone (ACTH) and corticosterone are comparable between early adolescent (28 days of age) and adult rats (77 days of age) and increase in a similar way upon an acute stressor (a single 30-min session of restraint stress); however, stress hormone levels remain elevated 45-60 min longer in juvenile compared to adult rats, in both females and (82) males (83) . Interestingly, treatment of juvenile male rats with testosterone, aiming to induce adult-like physiological testosterone levels, does not change the stress response towards an adult-like response, which indicates that further maturation of the HPA axis during puberty is essential to establish a more tightly-regulated stress response in adulthood (83) .
The stress response upon repeated stress exposure (30 min of restraint per day for a period of 7 days) also differs between rats in early adolescence (28 days of age) and adulthood (77 days of age), with juvenile male rats showing a higher peak in corticosterone levels immediately after restraint but a faster return to baseline stress hormone levels (47) . Interestingly, female rats do not show this marked hormonal response upon repeated stress (84) .
Recent studies on the behavioural consequence of stress experienced during adolescence indicate that it induces anxiety-and depressive-like behaviour (80) . For example, exposure to mild stressors during adolescence leads to increased depressive-like behaviour in the forced swim task, whereas exposure to the same stressor in adulthood has no behavioural effects (80) . In addition, Tsoory and Richter-Levin (85) have shown that rats exposed to chronic variable stress during juvenility (27-29 days of age) or adolescence (34 days of age) show increased anxiety-like behaviour in adulthood. Furthermore, they demonstrate that helplessness-like behaviours are different between juvenile-stressed and adolescent-stressed rats, which might indicate that the exact age at the time of stress-exposure might be important in shaping the HPA axis (85) .
In a recent study, Barha et al. (86) showed that chronic restraint stress in adolescent rats (30 days of age) alters basal corticosterone levels and hippocampal plasticity in adulthood in a sex-dependent manner. Chronic stress exposure during adolescence (consisting of 1 h of restraint stress every other day at unpredictable times for a period of 3 weeks), increased corticosterone levels 60 min after stress exposure in both sexes. However, only female (and not male) rats exposed to chronic adolescent stress have higher corticosterone levels in adulthood compared to nonstressed controls. Furthermore, in these adult female rats, cell proliferation and survival in the dentate gyrus of the hippocampus was decreased, whereas, in adult males exposed to adolescent stress, cell survival was slightly higher compared to controls (86) . Taken together, these studies indicate that adolescence, similar to perinatal development, is a critical sensitive period for the effects of stress on brain modelling. Stress exposure during such sensitive periods of ongoing HPA axis maturation might programme the brain in a sex-dependent manner and therefore increase susceptibility to stress-related disorders under specific conditions later in life. However, stress during development does not always have maladaptive consequences. For example, early maternal deprivation is known to change HPA axis activity and neurogenesis in a sex-dependent manner in early adolescence. When studied at adult age, maternally deprived male, but not female, rats show poor spatial memory and reduced hippocampal long-term potentiation whereas emotional memory in a fear conditioning task and long-term potentiation under stressful conditions were strongly improved (60) . Thus, stress during development appears to prepare the organism to perform optimally under similar stressful conditions in adulthood.
Sex steroids interacting with the stress system
Research in animal models has indicated clear sex differences in HPA responsiveness in adult animals, including higher levels of corticosterone and CRH in female rats. These sex differences are associated with sex steroid feedback regulation on the HPA axis (87). Ovarian steroids further up-regulate HPA activity in female adults. During pro-oestrus, the phase of the oestrous cycle in which oestradiol levels are the highest, basal CRH, ACTH and corticosterone levels are elevated and ACTH and corticosterone increase more in response to stress than during other phases of the cycle. By contrast, ovariectomy reduces ACTH and corticosterone levels in adult rats, whereas oestrogen-replacement restores stress hormone levels (87).
In males, but not in females, oestradiol increases corticosteroidbinding globulin, probably protecting males to the excitatory effects of oestradiol on the HPA axis by decreasing the amount of free corticosterone (87). It has been shown that stress in adult female rats has dramatic effects on spine densities in the CA1 area of the hippocampus, especially during pro-oestrus when spine density is high. Although exposure to an acute stressor increases dendritic spine density (with approximately 30%) and improves learning in adult male rats, exposure to the same stressor leads to a reduction in the amount of dendritic spines and impairs learning in female rats (88) . Androgenised female rats, which were s.c. injected with testosterone within 24 h of birth, respond to the stressor similar as males: they show a 20% increase in spine density and learn better (89) . The opposite effects of stress in androgenised females versus cycling females indicate that neonatal exposure to testosterone is important in programming stress responses in adulthood. Normally, pro-oestrous females have higher spine densities in the CA1 than males (88) , and the finding that the increase in spine density during pro-oestrus is prevented by exposure to a stressor suggests that females are more sensitive to stress when oestrogen levels are high.
Although human adolescence represents a stressful period for both sexes, stress exposure per se might have a much greater impact on girls than on boys, especially because it has been shown that androgens inhibit hypothalamic CRH production. Furthermore, androgen replacement in the medial preoptic area in gonadectomised rats decreased corticosterone release upon a stress response (87). In summary, exposure to stress has different effects in adulthood than during the adolescent period, when maturation of the HPA axis is still ongoing. Regulation of HPA function by sex steroids might result in a hypersensitivity to stress in females, whereas males would benefit more from the protective effects of androgens.
Sex steroids interacting with neurotransmitter systems
Next to other sex steroids, oestrogen influences mood and behaviour (4, 5, 42, 79, 90) . Two different oestrogen receptor subtypes (ERa and ERb) are expressed in the nervous system. In both sexes, ERa expression dominates brain regions that are important in the regulation of reproductive behaviour, whereas ERb expression levels are higher in brain regions that are involved in the regulation of mood, such as the hippocampus (4) and the BNST, a sexually dimorphic limbic brain region which is crucially involved in longterm, contextual fear responses and highly responsive to sex steroids (91) . Studies in rodents have revealed that the ERb receptor subtype is important in the modulation of depression-like behaviour in both sexes. For example, in ERb knockout mice, depression-like behaviour is significantly increased. Furthermore, in gonadectomised wild-type mice, ERb agonists were efficient in decreasing depression-like behaviour (4).
Depressive symptoms have been associated with low levels of oestrogen and drops in oestrogen concentrations, whereas high levels of oestrogen correlate with a positive mood (20) . In the literature, reduced levels of oestrogen in women form a risk factor for depression (42) . However, in adolescent girls, it is more likely that the sudden appearance of high oestrogen levels coinciding with an up-regulation of HPA activity (87) relate to negative mood in adolescent girls. Accordingly, negative mood in adolescents was shown to correlate significantly with a rapid increase in oestradiol levels (92) . It is suggested that once brain and body become mature, they adapt to the new levels of circulating sex steroids. By then, decreases in oestrogen levels become relevant in affecting mood, for example in post-partum depression (20) .
Furthermore, the initiation of cyclic fluctuations in sex steroid levels at adolescence has been reported to involve the emergence of depression in adolescent girls (42) . In girls, the onset of menarche introduces monthly fluctuations in levels of gonadal hormones and gonadotrophins. Especially in periods of marked hormonal fluctuations, women have an increased risk to experience an episode of depression (4) . Fluctuating levels of sex steroids at adolescence thus induces a major transformation in the hormonal levels in the the brain, to which the rest of the systems have to adjust (42) .
To reveal a role for sex steroids in the psychopathology of depression, we must understand how sex steroids influence mood and behaviour. Sex steroids modulate mood by affecting neurotransmitter systems (42, 90) and the mechanisms by which oestrogen, progesterone and testosterone act on serotonergic-, noradrenergic-, dopaminergic and GABA-ergic neurones are increasingly understood. By activation of intracellular receptors, sex steroids modulate transcription of genes that encode for various proteins including synthetic and metabolic enzymes for neurotransmitters, neurotransmitter transporters and receptor proteins for neurotransmitters, neuropeptides and growth factors (90) . Although sex steroids and neurotransmitter systems are linked in various ways, their interaction is complex and remains difficult to study, particularly regarding the behavioural effects of sex steroid-dependent neurotransmitter modulation.
In animal and (to a much lesser extent) in human studies, oestrogen effects on serotonin neurotransmission have been investigated and oestrogen is known to interact both with 5-HT 1 and 5-HT 2a receptors. Ovariectomy decreased the expression of these receptors, as well as receptor binding. Strikingly, these effects can be reversed by oestrogen replacement (5) . Administration of oestradiol in female rodents increases the expression of tryptophan hydroxylase-2, an enzyme important in the synthesis of serotonin (4) . Furthermore, in ERb knockout mice, serotonin levels are decreased in brain areas believed to be important in mood regulation (4). In addition, monoamine oxidase concentrations, which are important for the enzymatic degradation of neurotransmitters in the synaptic cleft, can be decreased by oestrogen. Progesterone has the opposite effect on monoamine oxidase concentration levels (3). Although the effects of sex steroids on neuronal transmission are likely to differ between humans and rodents, animal studies confirm that sex steroids regulate serotonin receptor expression and can affect mood (90) . 
Conclusions
Various psychological, environmental, social and biological factors are involved in the aetiology of depression and interact in a complex pattern. Sex steroids play a crucial role in modulating brain morphology and functioning. During adolescence, the brain has to adjust to increased sex steroid levels and (especially in girls) to cyclic fluctuations in these levels. The changes in sex steroid levels induce alterations in neurotransmitter systems, such as the serotonergic system, and alterations in sex steroid levels and neurotransmitters systems can potently, and lastingly, affect mood and behaviour. As such, changes in sex steroid levels occurring during adolescence may increase the vulnerability to depression.
Especially the effect of sex steroids on the maturing HPA axis makes girls more sensitive to the effects of stress, whereas androgens appear to play a protective role in boys. Together with a genetic predisposition and ⁄ or psychosocial factors, this may trigger an easier onset of depression in girls. Thus, the greater prevalence of depression in adolescent girls likely results from a combination of profound hormonal changes, fluctuations in hormone levels and psychosocial factors (Fig. 2) . Furthermore, we have described the possibility that sex differences in brain structure and function (e.g. sex differences in neurotransmitter systems or in brain areas important for the stress response) contribute to the sex difference in the emergence of depression. Whether similar underlying mechanisms are involved in the emergence of sex differences in human psychopathology remains to be studied, and longitudinal human studies in both sexes are required to elucidate a relation between biological changes during adolescence and the emergence of psychopathology. Careful repetitive monitoring of the developmental stage, cognitive and behavioural variables and hormone levels in a large group of young participants might help to resolve this question. Although new imaging techniques allow the study of alterations in brain volume and grey and white matter concentrations, they might not be sensitive enough to detect sex steroid-dependent alterations in neuronal development because sex steroids are considered to affect the brain in very subtle ways (e.g. on the cellular level) that are beyond the resolution and detection level of such approaches.
Animal research can be a valuable tool to clarify the role of sex steroids in brain development and in the modulation of neurotransmission and HPA axis regulation. By contrast, establishing the influence of these processes on mood is more difficult to study in an animal model, and it thus remains challenging to translate these findings to the human situation. One of the practical difficulties in doing so is the fact that many animal models of depression have been developed in male rodents and therefore they may not be appropriate to model depression in females. By contrast to the pronounced sex difference in human depression in female rodents, depression-like behaviour is less evident than in male rodents. For example, in the learned helplessness paradigm, a commonly used method to investigate depression-like behaviour in rodents, female rats display less helplessness behaviour than male rats and gonadoectomy in either males or females does not reverse this sex-specific behaviour (93, 94) . By contrast, chronic mild stress paradigms have been described to induce more depressive-like behaviour in female compared to male rodents (95) . Thus, the strengths and limitations of each animal model of depression need to be considered to allow the effective use of such a model for studying sex differences in depression.
A better understanding of the interplay of adolescent brain development and the modulating effects of sex steroids is needed to explain how sex differences in the incidence of depression emerge during adolescence. This will be of great relevance for individual patients and society and may also help the development of new treatment strategies for these devastating disorders. 
